ABSTRACT: The BIG'95 debris flow affected 2,200 km 2 of the Ebro continental slope and rise in the western Mediterranean Sea. The resulting deposit of sandy and silty mud has a volume of 26 km 3 and is up to 150 m thick. Dating yields a minimum failure age of ca. 11,500 cal yr BP. Swath bathymetry data, very-high-resolution seismic reflection profiles, side-scan sonographs, and sediment cores indicate that the debris flow consisted of two main components: relatively coarse, more mobile material, which was mostly remolded during flow; and finer, more cohesive material, which moved as independent blocks and partially kept its internal coherence. These blocks were partially buoyant and were pushed and dragged up to 15 km by the mobile material. During transport the blocks broke into smaller fragments. The more mobile material kept on flowing, reaching almost 2,000 m water depth in the Valencia Channel after traveling , 110 km.
INTRODUCTION
The BIG'95 debris flow affected 2,200 km 2 of the Valencia Trough in the southern Balearic Sea (western Mediterranean Sea, Fig. 1 ), of which 2,000 km 2 are covered by the resulting deposit. The debrite has a total volume of 26 km 3 of remobilized sediment (Canals et al. 2000; Lastras et al. 2002) , thus representing one of the largest mass-wasting events in the history of the Mediterranean. It is located on the river-fed Ebro continental slope and rise at water depths ranging from 200 m to almost 2,000 m, roughly between 39u 309 N and 40u 109 N, and 0u 509 E and 2u 009 E (Fig. 2) , offshore of the coastal city of Castelló and off the volcanic Columbretes Islets. AMS 14 C dating of a thin hemipelagic unit draping the debris flow deposit yields a consistent minimum failure age of ca. 11,500 calendar years BP (Lastras et al. 2002) .
Major advances have been made in recent years in our knowledge of the occurrence, extent, volume and dynamics of slope failures in both glacial (Evans et al. 1996; Boe et al. 2000; Laberg and Vorren 2000; Canals et al. 2004 ) and river-dominated (Rothwell et al. 1998; Droz et al. 2001; Canals et al. 2004 ) European continental margins. Special efforts have been dedicated to the development of numerical models and simulations of debris flows (Mohrig et al. 1998; Mohrig et al. 1999; Imran et al. 2001; Marr et al. 2002) . This paper presents a conceptual model of the BIG'95 debris flow, on the basis of the available data, and its testing using numerical approaches with sensitivity tests, in order to achieve a better understanding of the physical processes that occurred during this particular event.
Geological Setting
The Valencia Trough extensional basin is bounded by the Balearic Promontory to the southeast, the Eivissa Channel to the south, and the Ebro and Catalan continental margins to the northwest. To the northeast it opens to the Provençal Basin ( Fig. 1 ). At present, the Valencia Trough is incised in its axis by the northeast-trending Valencia Channel (Canals et al. 2000) . The passive Ebro continental margin, which is the source area of the BIG'95 debris flow material, is floored by siliciclastic sediment fed mainly by the 900 km long Ebro River. The shelf is amongst the widest in the Mediterranean Sea, because of the sustained inputs from the Ebro. It reaches widths of 70 km and has a shelf break located at a mean depth of 130 m.
The narrow, 10-km-wide Ebro slope is cut by a number of eastsoutheast-trending submarine canyons that are commonly slightly incised into the shelf, and by several short, straight gullies (Fig. 2) . The continental rise is occupied by meandering channel-levee complexes, smooth interchannel areas, and debris-flow and apron deposits, forming the Ebro Turbidite System (Nelson and Maldonado 1988) . None of the canyon-channel systems is connected with the Valencia Channel in the southern sector of the margin, south of 40u N ( Fig. 2) (Canals et al. 2000) . The growth patterns of the Ebro margin during the Quaternary were controlled by glacioeustatic sea-level oscillations, subsidence, and changes in sediment supply (Farran and Maldonado 1990) . In contrast to the Ebro margin, the opposite Balearic margin is a starved margin characterized by carbonate sediment, and submarine valleys have not developed there ( Fig. 2) (Canals et al. 1982) .
There are several volcanic structures in the region, including the Columbretes Islets, a volcanic archipelago on the Ebro outer shelf (Aparicio et al. 1991) , which is the topographic expression of a larger, mostly buried volcanic field (Maillard and Mauffret 1993) . These volcanic structures likely played a significant role in the pre-conditioning of the BIG'95 debris flow (Lastras et al. 2002) . Swath bathymetry data ( Fig. 2 ) and derivative products (Lastras et al. 2002) were obtained using EM-12S in 1995 , EM12-Dual in 1997 , EM-1002 , and EM-300 in 2002 . Coupled towed deep-sea side-scan sonar and very-high-resolution seismic reflection data were obtained using Southampton Oceanography Centre's TOBI 30 kHz side-scan sonar and 7 kHz chirp sub-bottom profiler, and Professor Logachev's MAK-1M 30 kHz high-resolution side-scan sonar and 5 kHz chirp sub-bottom profiler, for a total coverage of 4000 km 2 . Further high-resolution (HR) and very-high-resolution (VHR) seismic reflection data were obtained in 1995 and 1999 (3.5 kHz Simrad TOPAS PS 018 profiler), 1997 (3.5 kHz mud penetrator) and 1999 (0.1 kHz air-gun), totaling more than 5,000 km of profiles.
Data Set
In addition, nine cores, seafloor videos, and photos provide groundtruthing for geophysical data and geotechnical measurements that were used in numerical simulations.
BIG'95 DEBRIS FLOW: SETTING AND CONCEPTUAL MODEL
The complete data set available for the BIG'95 debris flow yields information on various aspects of the deposit. Geophysical and sedimentological characterization of the deposit provides clues to understand the triggering of the failure and the dynamics of the flowing sediment that are basic for the construction of a conceptual model for this particular mass-wasting event. In the following sections we present a summary of the basic features of the BIG'95 debris flow that are necessary for the presentation of the conceptual model. Note that for further details on swath bathymetry data, HR and VHR seismic reflection data, and side-scan sonar imagery have been published before (Lastras et al. 2002 .
Geophysical Data
Merging of bathymetric, shaded relief, and backscatter maps has proven to be particularly efficient in showing the seafloor features of the BIG'95 debrite. The deposit is displayed on VHR seismic reflection profiles as a huge, lens-shaped sediment body of mainly transparent but also chaotic to hyperbolic acoustic facies, with almost no internal reflectors (Lastras et al. 2002, their fig. 3 ). These characteristics indicate that it represents one single event. The deposit contrasts with the mainly stratified acoustic facies of the underlying Plio-Quaternary succession ). An integrated study of the geophysical data allows the identification of the scar area (named source area in Lastras et al. 2002 ) and the depositional areas within the affected region, the latter divided, in turn, into the proximal, blocky intermediate, and distal depositional areas (Fig. 2) .
The scar area includes the main headwall, located between 600 and 1,230 m of water depth, with a total length of , 20 km and a height up to 200 m. Several second-order scars, some of them of up to 100 m high, have also been identified. In this area, the debris-flow deposit constitutes a thin body, generally less than 18 m thick, of transparent seismic acoustic facies that turn hyperbolic at the rim of the main headwall . The proximal depositional area, located west of 1u 159 E, is relatively flat and is the principal depocenter of the BIG'95 deposit, with sediment accumulations up to 150 m thick. Although this particular area represents only 15% of the total affected area, it contains more than 40% of the mobilized sediment. As a result of the BIG'95 event, preexisting slope canyons and gullies were truncated, and ghosts of pre-landslide channels that were obliterated during the event are identified in the seafloor in this area. At its limit with the intermediate depositional area, there is another secondary scar 40 m high (scar E in Fig. 2 ). Seismic records show that other buried scars are located in this area (Lastras et al. 2002) .
Material accumulated in the intermediate depositional area, mostly west of 1u 309 E, has an average thickness of , 15 m. This area is 
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characterized by topographically elevated patches as large as 25 km 2 and up to 35 m high, surrounded and crossed by linear depressions . Both the depressions and the elevated patches display transparent acoustic facies with no internal reflectors (Lastras et al. 2002) , demonstrating that they are part of the deposit and not remnants of the previous seafloor. The patches are interpreted as blocks or agglomerates of mobilized sediment and are called blocks herein for ease of reference.
Both the blocks and the sediment in the depressions have distinctive backscatter response, with the depressions displaying relatively higher backscattering (i.e., they are more reflective) than the blocks (Lastras et al. 2002) . VHR seismic profiles do not show any reflectors at the contact between the two elements, which indicates that they moved jointly during the same main event and probably interacted while moving. The edges of some blocks appear to fit together, as if they were the result of the fragmentation of larger remobilized blocks that broke to form clusters of smaller blocks. There is a particular block cluster , 20 km downslope from secondary scar E that looks as if it detached from that scar ( Fig. 2 ; Lastras et al. 2002) . Altogether the blocks represent a volume of , 5.5 km 3 , while the total volume of the BIG'95 debris flow deposit is 26 km 3 .
In VHR seismic reflection profiles the distal depositional area is shown as a homogeneous, thin, , 10-m-thick, layer of transparent acoustic facies with no internal structures . Its thickness increases where it partially buries the Valencia Channel after the flow turned northeastwards because of the presence of the Balearic base of slope (Fig. 2) . The seafloor reflector is of much higher amplitude in the distal depositional area than in the blocks of the intermediate depositional area.
Sedimentological Data
Different signatures for in situ, debris-flow, and post-debris-flow deposits in piston cores (Fig. 3 , location of cores in Fig. 2 ) were distinguished by direct observation and core logs obtained using a Geotek logging device onboard L'Atalante. A thin layer of post-landslide hemipelagic sediment, 10 to 50 cm thick, caps the cores. Debris-flow material underlies this layer in cores located in the deposit area (CLKS-01, CLKS-04, CLSK-05, CLKS-06, and CLKS-07), and consists of sandy and silty mud and sand debris that is unbedded or displays strongly contorted beds. The debrite contains clay chunks, mud chips, and other indicators of flow that are not present in cores outside the debris flow fig. 1 in Lastras et al. 2002) . The course of the Valencia Channel (VCA) is marked with a thin dashed line. The dotted line corresponds to the cross section in Figure 6 . A, canyon-channel system abruptly cut by the debris-flow deposit. Other channels also cut are marked with thin arrows. E, secondary scar downslope the main scar. SM, seamount. Numbers 1 to 7 are cores CLKS01 to CLKS07 locations, respectively (Fig. 3 ). 7G and 8G show locations of cores 277G and 278G. area (CLKS-02 and CLKS-03). Further analyses yielded information on sedimentological, geotechnical, and geochemical properties of the sediment. Values from some of the analyses are shown in Figure 3 . Analyses of remolded yield strength show minimum values of 0.99 kPa in core CLKS-02. Palynological studies of some sections, as well as AMS 14 C dating, completed the study of the cores (Lastras et al. 2002) . Granulometry analyses showed high contents of silty sediment in cores located off the shelf break, and coarser sediment in the neighborhood of canyon-channel systems and channel-levee complexes. Cores obtained from the distal depositional area, which is dominated by high backscatter material similar to that present in the depressions of the blocky intermediate area, as well as core CLKS-05 from the proximal area, display higher contents of coarser sediment compared to the debris-flow sediment in the scar area. Furthermore, core 277G, located in one of the intermediate-area high-backscatter depressions, is sandier at direct observation than core 278G, recovered from the top of one of the blocks (location in Fig. 2 ). These grain-size differences likely account for the variations in the backscatter response. The modern outer Ebro shelf and shelf edge are topped by relict sand dunes, possibly eolian in nature (GRC Geociències Marines, unpublished data). Although the debris-flow upper scars did not reach the shelf break, the higher contents of sandy material observed in upper-slope cores could have been deposited there either by shelf edge spillover or carried along gullies and canyons cut into the shelfedge that have been observed on swath bathymetry maps.
Conceptual Model
On the basis of the published data, we suggest that the debris-flow deposit consists of two main sediment types. The first is a coarser, ''loose fraction'' that was presumably totally remolded and liquefied during movement and is present in the proximal and distal areas and in the depressions in the intermediate depositional area. The second sediment type is a finer, partially remolded fraction, which probably maintained part of its initial cohesion during movement, forming the ''blocky fraction'' in the intermediate depositional area. We suggest that the loose fraction, which represents the greater part of the material involved, was released from the main headwall and secondary scars in the upper slope, where coarse material exists, and also from the middle slope, in particular by the collapse of the channel-levee complex (A in Fig. 2 ) in the proximal depositional area. In turn, the blocky fraction was released from the base of the slope, from the proximal depositional area, in particular from buried secondary scars similar to scar E. The assumed sequence of events following the triggering of the debris flow is described below (Fig. 4) .
The formation of the main headwall was synchronous with or followed shortly after by the formation of secondary scars in the scar area ( Fig. 4A) . As a result, large quantities of material were mobilized from water depths ranging from 200 to 1,250 m. A channel-levee complex was subsequently cut and collapsed, adding more material to the mobile material (Fig. 4B ). This fraction presumably accelerated downslope because of the slope gradient and became the loose material forming the bulk of the final deposit.
The blocks were probably already in motion when the loose material reached the intermediate depositional area, because their release likely occurred during initial destabilization (Fig. 4C ). Blocks originated from water depths ranging from 1,250 to 1,400 m, as deduced from location of secondary scar E and other buried scars. Both the loose and the blocky fractions moved downslope, the first as a totally remolded and likely liquefied mass of sediment that had gained speed after the distance already traveled. The mobile material traveled at higher speeds than the blocky fraction because of its distinct mechanical behavior and the difference in the slope gradient between their respective source areas. Both fractions presumably interacted while flowing. First, the loose material steered the mobilization blocks, which were partially buoyant in the loose material. The loose material then pushed, sheared, and accelerated the blocks, probably caused their fragmentation, flowed between them, and finally bypassed the blocky intermediate depositional area (Fig. 2) . It is possible that blocks, when surrounded by mobile material, trapped part of this fraction below them, thus decreasing the basal friction and easing movement.
As the mobile material lost momentum while crossing the depositional area, transport energy became insufficient to continue carrying the blocks farther downslope. Blocks were finally abandoned in the intermediate area. The mobile material kept on flowing and reached the distal area ( Fig. 4D) , where it was forced to turn northeastwards because of the presence of the Balearic slope. The mobile material finally stopped after filling most of the upper course of the Valencia Channel (Fig. 4E ).
NUMERICAL MODELING
Several questions arise regarding the preceding possible scenario for the BIG'95 debris flow and its physical plausibility. Were the forces exerted by the mobile material on the blocks sufficiently great to significantly accelerate the blocks in the depositional area? If the conceptual model is correct, can we estimate, using a numerical approach, the properties of the materials on the basis of the present geometrical features of the area together with estimates of the physical forces and energies at play? In order to understand in a more quantitative manner the flow and the mobilization of the blocks in the depositional area, a simplified model of the interaction between the debris flow and the blocks has been constructed. Despite its practical importance in connection to industrial and geotechnical problems, the problem of the interaction forces between flowing mud and an obstacle is not fully understood. Even laboratory measurements of the force exerted by flowing mud on an obstacle are scarce (Coussot 1997) . In practical large-scale situations in which a gravity mass flow encounters a dam, a containing structure, or other obstacles, empirical formulas have been devised (Takahashi 1991) .
The mobile material can be modeled as a Bingham fluid whose rheological properties are viscosity m and yield strength t y . Other more sophisticated rheological models could be employed, such as a bi-viscous model ) or shear-thinning or shear-thickening models (Imran et al. 2001) . However, the uncertainties in the rheological behavior of sediment in the BIG'95 event would not have justified the use of a more complex rheology. In a first model, which will be described in detail, these properties are considered time-independent. A second model for the mobile material is then introduced that accounts for remolding, and in which the yield strength decreases as a function of the accumulated shear at the base of the debris flow. The blocks in the depositional area are assumed to be perfectly rigid. Inasmuch the interaction between different blocks probably did not play a major role in the dynamics, one single block is considered. The assumption that the behavior of the whole system (i.e., with all the blocks) can be inferred by studying just one single block is valid as long as the block width is much smaller than the distance between blocks. In fact, the mobilization of a large number of blocks implies a rearrangement of the velocity field of the loose material, which is not included in the present model.
2D Conceptual Diagram
In the model, the block is a regular parallelepiped (a closed box composed of three pairs of rectangular faces placed opposite each other and joined at right angles to each other) with the long axis oriented parallel to the flow (Fig. 5) . The dimensions of the block are called L (length), W (width), and H (height). These quantities do not change with time (a hypothetical height variation caused by sole erosion is not included in the model). The block interacts with the seafloor with a Coulomb frictional force specified by the apparent friction angle w. In order to run the two-dimensional numerical model, a cross section was constructed along the seafloor area affected by the debris flow from the scar to the distal area (Fig. 6A ). This cross section shows the present seafloor topography obtained from swath bathymetry data (i.e., the shape of the top surface of the final deposit), and the basal profile of the final debris-flow deposit that was obtained by digitization of VHR seismic reflection profiles.
An estimated initial profile that represents the seafloor prior to the debris flow event has also been built (Fig. 6B) by moving the known volume of the deposit, both mobile material and ideal block, back to their respective specific source areas. The mobile material source area has been defined by the location of the headwall scar and secondary scars in the scar area; the source area of the blocks has been placed at the limits of the proximal and intermediate depositional areas and secondary scars in those areas, part on the basis of the tentative backstripping or relocation of blocks to their original position (Lastras et al. 2002) . The idealized block is 5 km long, 2 km wide, and 40 m high, approximately the size of one of the largest blocks observed from swath bathymetry in the BIG'95 debris flow deposit.
The cross section was constructed in such a way that volume per unit width of the actual debris flow deposit and the constructed cross section are coincident, as well as volumes per unit width of the real blocks in the debris-flow deposit compared to the idealized block used in the runs.
Model of Interaction between Debris Flow and Blocks
For simplification, we assume that the blocks would stay at rest on the seafloor without the intervention of the loose fraction, although as explained in the conceptual model it is more likely that the blocks were already in motion, released by the initial failure mechanism. As the mobile material comes into contact with the block (Fig. 4B, C) , the latter is accelerated by several forces, as shown schematically in Figure 5 . The motion of the block in the bedding-parallel direction can be written by equating the time derivative of the block velocity V parallel to the seabed (the acceleration) to the sum of the forces acting on the block, and dividing by the mass of the block M
where the summation is extended to all the forces F i acting on the block. Because the mass is constant during the flow, we can simply write
where the terms on the right-hand side represent the contribution to the acceleration of the block due to the different forces. These are, in order from left to right in Equation 2: the bulk force (i.e., gravity) F B , the Coulomb friction of the block with the seafloor F C , the impact force exerted by the mobile material on the block front F I , the static Earthpressure force (originating from the differential height of the mobile material in contact with the block) F EP , the drag shear stress of the sea water F D , and finally the shear forces, which have a viscous and a yield component, F V and F Y , respectively. In the following paragraphs, we expand the discussion of the different terms of the forces. We refer indifferently to forces or accelerations because the mass of the block remains constant.
Gravity and Coulomb frictional forces together give a total acceleration where b is the slope angle, g is gravity acceleration, r B and r W are the block and water densities, respectively, D is the height of the mobile material in contact with the block averaged over the block length, and H is the height of the block. The reduced density of the block is due to Archimedean buoyancy, due to both water and the debris flow.
When some fluid material impacts against the front face of an obstacle, it exerts a force of the order , ru 2 S, where u is the impact velocity, r is the density of the impacting liquid, and S is the front surface area of the obstacle. In the present case, we have to consider that the vertical velocity profile of the mobile material is not uniform, because it increases from zero at the base to a maximum value below the top, although in this model the maximum value is considered to be at the top, for the sake of simplification. In addition, the block itself is in general moving with a finite velocity V. In order to calculate the relative velocity between the block and the mobile material we consider first the velocity profile of a Bingham fluid at equilibrium. In other words, we neglect the inertial terms in the Navier-Stokes equation. Calling the coordinate perpendicular to the seabed y, the velocity profile for y , D S , where D S is the thickness of the shear layer, is parabolic Garcia 1998, 1999) :
If y . D S , the velocity is independent of y and equal to U P , the velocity of the plug layer. Because the block has in general a finite velocity V, the mobile material layers below a certain height ȳ from the seabed do not contribute to the impact, because their velocity is smaller than the velocity of the block itself. Accounting for this effect, one finds
where c is a geometrical constant (we assume c 5 1 / 2) and
represents the integrated square of the velocity of the mobile material impacting on the block front. In Equation 6, D FRONT is the thickness of the mobile material at the block front and D S,FRONT is the thickness of the shear layer. The parameter v is 
An additional contribution to the force, called the static Earth pressure, is due to the weight of the material partially resting on the faces, front, and rear sides, of the block. Such a force is identical to the force exerted on the faces of a bottle by a liquid in its interior. This force is independent of the velocity. The acceleration due to static Earth-pressure force is given by
where D TAIL is the depth of the mobile material at the tail of the block (Fig. 5) . For the lateral faces, it is the shear stress that enters into the calculations. Because the shear stress for a Bingham fluid is the sum of a yield strength and a space derivative of the shear velocity, there are two terms contributing to the shear forces, the viscous and the yield components, which result in two contributions to the total acceleration of the block. This division is not physical but an artifact derived from the assumption, implicit in the Bingham rheology, that there is no relative motion below the yield strength. Concerning the viscous part, it is necessary to integrate the shear stress from boundary-layer theory both horizontally and vertical along the block. The equation for this acceleration takes the form
where x is the distance parallel to the bed, n is the kinematic viscosity of the material, and f9(0) < 0.3 is the derivative of the Blasius function in drag theory (Batchelor 1967; Guyon et al. 2001) . The integral over the vertical coordinate can be handled to give the expression
and thus only the integration over x must be carried out numerically. The shear stress due to the finite value of the yield strength is approximated as
Finally, the term representing the drag force exerted by water on the surface of the block volume not submerged into the mobile material must be accounted for. One can distinguish between a front drag due to water on the block face perpendicular to the velocity and the shear drag exerted on the lateral faces of the block parallel to the flow, of which only the upper face, because of its large area, contributes significantly. A direct calculation gives
where c 1 and c 2 are coefficients representing the front and surface drag, respectively. The values of these numerical coefficients depend on the exact shape of the block and on the Reynolds number.
Water acceleration exerted by the block results in an increase of the effective mass of the block, or equivalently, a reduced acceleration for a given force. This effect is accounted for by multiplying the block mass with an added-mass coefficient (see for example Newman 1977 for a general discussion). In the present model, the acceleration is reduced by a factor
where a is a constant of the order p. This effect becomes important only for bodies whose section perpendicular to flow is large compared to their length along the flow, and is thus of minor importance for block shapes such as the one considered here. A typical model calculation starts with the block at rest. The motion of the mobile material is calculated using the two-dimensional, depthintegrated BING model (Imran et al. 2001) , which is a numerical code for non-Newtonian debris flows. When the mobile material reaches the block, its motion is calculated via direct numerical integration of the equations of motion with the acceleration given by Equation 2. The block is assumed not to affect the velocity field of the mobile material.
The model is certainly simplified with respect to reality, particularly concerning the flow rheology, the geometrical shape of the block, and consequently of the interface between the debris flow and the block, and the dynamical forces acting upon the block. Notwithstanding, all the significant components are accounted for by such a model, and the simplifications introduced in the dynamical equations are likely to be less relevant than the uncertainty in the rheological properties of the material, a situation that to some extent occurs in all the reported case studies on subaqueous mass gravity flows.
The model does not include processes related to the interaction between blocks and loose material, such as the breakage of the blocks, block erosion and incorporation of eroded sediment into the loose material, entrapment of loose material underneath the block, or rearrangement of the velocity field of the loose material due to the presence of the block. It also does not take into account the fact that blocks could already have been moving when impact of the loose material occurred. Some of these processes and how they may have an influence on the results of the model runs are discussed later.
Run-Out of Mobile Material
Field data suggest a value for the run-out of the mobile material on the order of 110 km or more, and a displacement of about 15-20 km for the blocks (Lastras et al. 2002) . Such a run-out is remarkable, considering the relatively small volume of material. Undoubtedly, the long run-out was partly favored by the narrowing of the Valencia Channel along the basin axis and the nearby presence of the opposed Balearic base of slope. The width of the BIG'95 debris-flow deposit is not constant from the headwall down to the distal area. In the scar, proximal, and intermediate depositional areas the width of the deposit is more or less constant at nearly 20 km, but it decreases to about 10-12 km in the distal area and less over the Valencia Channel upper course, which is oriented S-SW to N-NE from about 60 to 120 km from the scar area. One might assume that the narrowing of the flow due to the presence of the Valencia Channel led to larger run-outs relative to the ideal case of unconfined flow. Following the idealized model adopted here of a debris flow as a Bingham fluid, if inertial forces are neglected, a Bingham fluid comes to rest when the shear stress in all of the fluid body is less than the yield strength of the fluid. This concept leads to the well-known relation between the thickness of the deposit, the slope angle, and the yield strength of Johnson (1970) :
If the debris flow has a total volume V 0 , then the total run-out R can be calculated implicitly as
where W(x) is the width of the deposit as a function of the coordinate x. A strong simplification is possible if one assumes a constant slope angle. Additionally, we introduce a simplified basin model whose width is equal to W 1 for the first L kilometers, and W 2 for distances larger than L. We define the effective run-out R9 as the run-out that the debris flow would have with a constant width W 1 of the basin. The relation with the observed run-out R is
One can arrive at the same expression by equating the volume of the deposit in the two-widths basins and in the single-width basins (the same deposit thickness has to be assumed, which is a consequence of the constant slope angle). Adopting this simple view for the Valencia Trough, we estimate the following set of values: L 5 50 km, R 5 110 km, W 2 5 6 km, W 1 5 20 km, and R9 5 68 km. Therefore, because of the narrowing effect in the distal area, the increase in the run-out of the debris flow can be estimated to be on the order 40 to 50 km. For this reason, our simulations should reproduce an effective run-out for the mobile material of the order of 60-70 km rather than the actual value of 110 km.
Numerical Results
Whereas the dimensions of the ideal block were chosen on the basis of swath bathymetry, the values of the physical constants (viscosity, yield strength, and friction angle) are more uncertain. In the numerical model such constants, which will be discussed later, were chosen so as to give results within the observational range both for the block and the mobile material. The sequence of configurations from a simulation is represented in Figure 6 for an internal friction angle (w) of 1u for the block and a yield strength (t y ) of 800 Pa for the mobile material, assuming densities of 1.8 and 2.0 g?cm 23 for the loose material and the block, respectively. The chosen yield strength is very close to the value of , 1 kPa obtained from calculations based on field morphology (slope angle and thickness in the depositional zone), as proposed by Johnson (1984) . Figure 6B shows the configuration before failure. After 8 minutes (Fig. 6C ) the loose material has already impacted and overtaken the block, displacing it for about 1 km. Configurations after 24 minutes (Fig. 6D ), 52 minutes (Fig. 6E) , and 73 minutes (the final one) (Fig. 6F) are also plotted. The final run-out of the mobile material is about 62 km. The block has been moved forward by about 16 km. A comparison between the final deposit obtained from the simulation (Fig. 6F ) and the real final deposit (Fig. 6A) shows the expected matches in the shape and thickness between both deposits for which the values above where chosen. Figure 7 shows the various components of acceleration (or forces) of the block. The most important one in terms of maximum magnitude is found to be the impact force, even though it is rather impulsive and decreases quickly with time as the front of the mobile material passes beyond the tail of the block. The other forces take over in conjunction with the rapid decrease of the impact force as the mobile material slows down. The static Earth-pressure force is found to be important, too, together with the gravity and the Coulomb friction. The remaining forces, water drag, viscous force and yield force, play a minor role, and they have been multiplied by a factor 100 in order to illustrate their magnitude in Figure 7 . Note that the block stops despite the fact that dynamical forces from the mobile material are still acting on the block. At this point, forces are not large enough to move it.
The velocities of the block and of the front of the mobile material, for an internal friction angle (w) of 1u for the block and a yield strength (t y ) of 800 Pa for the mobile material, are illustrated in Figure 8 . Maximum velocities are much higher for the mobile material, yet the block reached a top velocity of about 20 m?s
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Sensitivity Tests
In order to establish the critical parameters in the calculation, a sensitivity analysis was performed by running several simulations for FIG. 7 .-Contributions to the acceleration of the block by the different forces in equation (1) as a function of time after the triggering of the debris flow. The block is at rest until impacted by the mobile material. Note that the block stops moving after , 1,500 s (Fig. 6D) . After this time, the plot shows the single forces divided by the mass, rather than the acceleration, because the latter is zero. a set of parameters. By direct sensitivity numerical tests we verified that viscosity plays a very minor role in the dynamics of the mobile material compared to the yield strength in the BIG'95 (Fig. 7) , as previously found in other submarine debris flows (e.g., Elverhøi et al. 2002) . The most important parameters in the sensitivity analysis are the internal friction angle (w) of the block and the yield strength (t y ) of the loose material. In principle, the run-out of the block is sensitive to both parameters. However, given that our approach neglects any influence of the block on the mobile material, we are uncertain how the internal friction angle of the block may have affected the run-out of the mobile material. Table 1 shows some simulation results with different friction angles and yield strengths. As expected, the increase of the yield strength decreases the run-out of the mobile material. Values for the yield strength of the mobile material must have been between 500 and 800 Pa. If values had been larger, the run-outs would have been too short; if smaller, very long run-outs would have resulted because of the Valencia Channel constriction. The table also shows that the run-out of the block is very sensitive to the internal friction angle. The best correspondence with observations is obtained for an angle of about 1u. A friction angle higher than 2u gives results incompatible with field data, and for larger values the model block stands still or moves very little. Smaller values would be below the seabed inclination angle, and this would result in perpetual block acceleration. Note also that the run-out of the block depends little on the value of the yield strength.
Thus, the internal friction angle has a dramatic influence on the final result because even relatively small changes can produce great differences in model results. Unfortunately, the friction angle is basically unknown, being determined not only by the material properties but also by the water pore pressure in the sediment.
DISCUSSION
To obtain simulation results that match the observational data (i.e., thickness distribution, mobile material run-out of 60-70 km, and block run-out of 15-20 km), input values need to be , 1u for the internal friction angle and , 800 Pa for the yield strength. Data on remolded yield strength obtained from geotechnical analysis of the sediment cores (Fig. 3) differ from the yield strength used in simulation. These differences between measurements and models have also been encountered in other cases, like the Storegga debris flows off mid-Norway (De Blasio et al. 2003) . Which parameters favoring movement have been left out of the model that, if added, would increase the minimum internal friction angle and yield strength needed to obtain run-outs matching the field data? Remarkably, parallel studies of submarine debris flows composed of fine material show a tendency to a very low shear strength (De Blasio et al. 2003) while other gravity mass flows composed by larger clasts seem to have higher shear strength .
Lower strength in the debris flow is attributed to wetting (i.e., dilution) of the clay material. As the debris flow moves, it incorporates sea water and thus reduces the strength of the material. Unfortunately, quantitative knowledge of such effects is very poor. Measurements of wetted sediment are performed by geotechnical standard techniques based on stirring and remolding of the material with a controlled fraction of water introduced to gain the desired liquidity index. However, no data are available for the general case of an actual debris flow. In the following, a simple model (De Blasio et al. 2003 ) is introduced in which the yield strength is allowed to vary according to
where c(ðtÞ) ¼
is the total accumulated shear at the base of the debris flow and C is a constant quantifying the wetting efficiency. Table 2 contains some data from simulations in which yield strength deceases as a function of the accumulated shear at the base of the debris flow. In general, the findings are rather similar to the case with fixed yield strength, provided that the transformation from a strong to a weak sediment proceeds relatively fast (i.e., C should be sufficiently large). Figure 9 shows the behavior of the yield strength, calculated for the front of the debris flow, as a function of the distance traveled by the debris flow. In our simulations, if a decrease in the yield strength occurs before the debris flow reaches the intermediate depositional area, the prediction of this modified model is very close to the basic model with constant yield strength equal to the lower limit t y ('). This would imply that the value of C must have been large enough for the yield strength in the mobile material to decrease down to values of about 500 to 800 Pa in the intermediate area. In fact, slope angles are so small in this area that a flow with higher yield strength would rapidly come to rest. Another possibility for the long run-out of the mobile material is hydroplaning (Mohrig et al. 1998; Elverhøi et al. 2002) , a process in which a thin water layer underneath the debris flow provides substantial lubrication and run-out enhancement. The computer program was implemented to evaluate hydroplaning according to the model described in De Blasio et al. (2004) . In the model, for a yield strength of 3 kPa, runout of the mobile material with hydroplaning increases to 47 km. On the other hand, the equations of hydroplaning flow are much more complex and calculations are affected by more uncertainties (De Blasio et al. 2004 ). The possibility of hydroplaning cannot be discarded solely on sedimentological grounds because according to laboratory measurements the clay content seems to be sufficiently high for hydroplaning to take place . It is possible that both hydroplaning and wetting might have promoted the long run-out observed in BIG'95.
Other parameters left out of the model that may affect the final result are the entrapment of loose material underneath the blocks and the rearrangement of the velocity field of the mobile material due to the presence of the moving blocks. Once the loose material has bypassed the blocks, some of it, already stopped, could be incorporated at their bases, probably acting as a lubricant and reducing drastically the internal friction angle. Entrapment of water in the very first moments of block mobilization would also favor acceleration of the block.
Moreover, it has been assumed that the blocks were at rest when impacted by the mobile material for simplification, although the actual moment of initial block mobilization remains unclear and could have coincided with the triggering of the debris flow. If one assumes that the blocks were moving prior to impact, a modified model would result in a larger distance traveled by the block for any assumed value of internal friction angle. The collective flow of several blocks and the breakage of large blocks into smaller ones (Lastras et al. 2002) could have resulted in an important rearrangement of the velocity field of the mobile material, which would have favored downslope movement. Further modeling may be required to quantitatively assess the effects of block breakage and incorporation of the mobile material to the base of the blocks.
Finally, it has been assumed that the blocks are denser than the mobile material. If the opposite is true, blocks will completely float in the stream of the mobile material whenever the thickness of the latter is larger than (r B /r)H. If completely buoyant (i.e., detached from the sea bottom), the friction with the sea bottom, which was the most important force opposing the motion, would be overwhelmed by the static earth-pressure, gravity, and impact forces, and the block would rapidly acquire a speed comparable to that of the mobile material. Neglecting gravity and static earth pressure, the acceleration of a rafted block subject to the continuous impact of the mobile material flowing at constant velocity U 0 is given by the differential equation rU0 the block would be accelerated to 90% of the velocity of the mobile material. With appropriate values for the parameters one finds a time length of some minutes, which is comparable to the time interval when the block is completely submerged by the debris flow. In conclusion, a light block detached from the bottom would be easily rafted by the dynamic forces. However, the condition that the mobile material is denser than the block probably never occurs in practice, mainly because the process of dilution of the debris flow in water causes a substantial decrease in density. These considerations show, however, that the results are very sensitive to the density difference between the blocks and the mobile material.
CONCLUSIONS
The dynamics of the BIG'95 debris flow event in the Ebro continental slope and base of slope was modeled both conceptually and numerically. The conceptual model explains how a highly mobile sediment mass released from the middle slope flowed downslope, pushing, shearing, and accelerating slabs of cohesive sediment for more than 15 km, until the forces acting on them where not large enough and the blocks stopped. The mobile fraction went on flowing and eventually stopped, partly filling the upper course of the Valencia Channel, after , 110 km of run-out.
A numerical model incorporated the different forces acting on the blocks, including those exerted by the loose material, which in turn is modeled as a Bingham fluid with specific rheological properties. The proposed conceptual model is physically plausible only if very low values of both the yield strength of the mobile material and the internal friction angle of an ideal block are used. Processes that have not been incorporated in the model but were very likely to have occurred could at least partially account for such low values. These include the entrapment of mobile material underneath the blocks, which would act as a lubricant to reduce the friction with the seafloor, as well as the fact that blocks could have been already at movement since the initial triggering of the flow. Top velocities during mobilization are as high as 50 m?s 21 for the mobile material and 24 m?s 21 for the blocks. Sensitivity tests show that viscosity plays a very minor role compared to the yield strength in the dynamics of the mobile material.
Finally, even though the coupled conceptual and numerical modeling developed here was aimed primarily at the sedimentary dynamics of the BIG'95 debris flow, it will contribute to a better understanding of subaqueous mass gravity flows in general. Additionally, it may provide a relatively quick albeit simplified numerical framework in the analysis of the interaction forces between flowing material and an obstacle, a situation encountered in problems of debris flow mitigation.
